Neural networks engaged in high-frequency activity rely on sustained synaptic vesicle recycling and coordinated recruitment from functionally distinct synaptic vesicle (SV) pools. However, the molecular pathways matching neural activity to SV dynamics and release requirements remain unclear. Here we identify unique roles of SNARE-binding Tomosyn1 (Tomo1) proteins as activity-dependent substrates that regulate dynamics of SV pool partitioning at rat hippocampal synapses. Our analysis is based on monitoring changes in distinct functionally defined SV pools via V-Glut1-pHluorin fluorescence in cultured hippocampal neurons in response to alterations in presynaptic protein expression. Specifically, we find knockdown of Tomo1 facilitates release efficacy from the Readily Releasable Pool (RRP), and regulates SV distribution to the Total Recycling Pool (TRP), which is matched by a decrease in the SV Resting Pool. Notably, these effects were reversed by Tomo1 rescue and overexpression. Further, we identify that these actions of Tomo1 are regulated via activity-dependent phosphorylation by cyclin-dependent kinase 5 (Cdk5). Assessment of molecular interactions that may contribute to these actions identified Tomo1 interaction with the GTP-bound state of Rab3A, an SV GTPase involved in SV targeting and presynaptic membrane tethering. In addition, Tomo1 via Rab3A-GTP was also observed to interact with Synapsin 1a/b cytoskeletal interacting proteins. Finally, our data indicate that Tomo1 regulation of SV pool sizes serves to adapt presynaptic neurotransmitter release to chronic silencing of network activity. Overall, the results establish Tomo1 proteins as central mediators in neural activity-dependent changes in SV distribution among SV pools.
Introduction
Neurotransmitter release from presynaptic elements closely follows action potential (AP) invasion, activation of voltage-gated Ca 2ϩ channels and SNARE protein-mediated synaptic vesicle (SV) fusion (Jahn and Fasshauer, 2012; Südhof, 2013; Zhou et al., 2015) . Essential to functional operation of synapses is the dy-namic recruitment and cycling of SVs (Holtzman, 1977; Poodry and Edgar, 1979; Hummon and Costello, 1987) . Indeed, sustenance of release to continued high-frequency activity or bursts of APs demands active recruitment of SVs into a fusion competent Readily Releasable Pool (RRP), and specific forms of synaptic plasticity are strictly defined by SV cycling into the RRP (Zucker and Regehr, 2002) . Defining the regulatory controls on the cycling of SVs and their transition between functionally distinct SV pools is therefore of key importance.
In hippocampal neurons SVs have been found to occupy three functionally distinct pools, including the following: an RRP (5-8 vesicles) comprised of active zone SVs fully primed for immediate release; a Recycling Pool (RP; ϳ20%-60% of SVs) that undergoes continuous exocytotic/endocytotic cycling; and a SV Resting Pool (ResP) (ϳ40%-80% of SVs) that is recalcitrant to activitydriven SV cycling (Rizzoli and Betz, 2005; Alabi and Tsien, 2012) . Importantly, proportional reallocation of vesicles among the functionally defined pools is central to activity-dependent changes in synaptic strength, a parameter defined as the product of individual vesicle fusion probability and number of release ready vesicles. Notably, the RRP scales with the size of the RP during high-frequency AP firing (Waters and Smith, 2002) , and recruitment of ResP vesicles into the RP impacts expression of Hebbian as well as homeostatic forms of synaptic plasticity at cortical and hippocampal synapses (Virmani et al., 2006; Kim and Ryan, 2010; Ratnayaka et al., 2012; Rose et al., 2013) . Despite the importance of regulatory controls on distribution of SVs among these pools, the molecular mechanisms dictating transition of SVs from inactive/noncycling ResP to the active total recycling pool (Total Recycling Pool [TRP] , i.e., RRP ϩ RP) are poorly defined. To date, cyclin-dependent kinase 5 (Cdk5) is the single catalytic mediator described to induce changes in TRP/ ResP partitioning (Kim and Ryan, 2010) , perhaps via synapsin phosphorylation altering actin association (Verstegen et al., 2014) . However, alternative mechanisms are likely as SV pool partitioning has also been reported to be independent of actin dynamics Orenbuch et al., 2012) .
Here we examine the role of Tomosyn-1 (Tomo1) family proteins in distribution of SV among functional presynaptic pools. A role for Tomo1 proteins in neurotransmission is substantiated by behavioral effects in mice (Barak et al., 2013) , Drosophila (Chen et al., 2011) , and C. elegans (Gracheva et al., 2007a) when its expression level is altered. Moreover, Tomo1 proteins have been genetically linked to autism spectrum disorders, mental retardation, and seizures (Davis et al., 2009; Matsunami et al., 2013; Cukier et al., 2014) . Mechanistically, Tomo1 proteins act as potent inhibitors of evoked transmitter release from the RRP in neuroendocrine cells , rat superior cervical ganglion (Baba et al., 2005) and C. elegans neurons (Gracheva et al., 2007b; Gracheva et al., 2010) , via interaction of their C-terminal R-SNARE domain with Syntaxin and SNAP25 to produce nonfusogenic SNARE complexes (Fujita et al., 1998; Hatsuzawa et al., 2003; Gladycheva et al., 2007 ). Yet, recently, Tomo1 was suggested to exert effects beyond inhibition of SV priming into the RRP, as loss-of-function mutations or targeted knockdown (KD) of Tomosyn enhanced EGTA-sensitive, delayed release of SVs at Drosophila and C. elegans neuromuscular junctions (McEwen et al., 2006; Chen et al., 2011) . In addition, Tomosyn orthologs in yeast, Sro7p/Sro77p, result in accumulation of nonfusogenic vesicle clusters when overexpressed (Lehman et al., 1999; . In the present study we uncover a novel site, mechanism, and activitydependent regulatory pathway through which Tomo1 clamps SVs in the ResP, thereby reducing release by preventing SV transition into the TRP. These data indicate that Tomo1 proteins serve as central presynaptic regulators of release probability.
Materials and Methods
Antibodies. The antibodies used included the following: anti-Synapsin 1 (SYSY; rabbit, #106011, 1:1000), anti-Tomo1 (SYSY, rabbit, #183103, Western blot 1:1000, immunocytochemistry [ICC] 1:400; BD Biosciences, mouse, #611296, Western blot 1:400), anti-Rab3A (SYSY, mouse, #107011, Western blot 1:1000; SYSY, rabbit, #107003, ICC 1:1000), anti-Cdk5 (Santa Cruz Biotechnology; rabbit, #SC173, Western blot 1:200; mouse, #SC6247, Western blot 1:200); anti-phospho-specific Cdk5 (Santa Cruz Biotechnology, rabbit, #SC12919, ICC 1:100), anti-synaptophysin (Sigma-Aldrich, mouse, #S5768, ICC, Western blot 1:250), anti-RIM (SYSY, rabbit, #140003, Western blot, ICC 1:500), proximity ligation assay (PLA) (Sigma-Aldrich, DUO92102), anti-actin (Sigma-Aldrich, mouse, #A2228#, Western blot 1:5000), anti-mouse IRDye800CW and anti-rabbit IRDye680LT (LI-COR, 1:5000), and anti-rabbit/mouse Alexa-488 and Alexa-594 secondaries (Invitrogen) . Immunocytochemical mounts were treated with Vectashield containing DAPI (Vector Laboratories, #H-1200).
Plasmid constructs and lentiviral vectors. The pCAGGS super ecliptic vGLUT1-pHluorin (vGpH) construct was obtained from Robert Edwards (University of California at San Francisco) (Voglmaier et al., 2006) . mCherry (mCh) was subcloned in frame to the C terminus of vGLUT1-pHluorin to create vGLUT1-pHluorin-mCh with mCh exposed to the cytoplasm upon expression. Additional recombinant expression constructs included the following: pLP-mCh vector (CMV promoter); pLP-mCh-mTomo1 (mouse); pDNR-mTomo1-⌬CT, that is Tomo1 with deletion of C-terminal SNARE domain residues 1067-1131 ; pCDNA CAPTEV-CT containing mTomo1 (rat; Invitrogen vector); and pLenti (synapsin promoter) containing YFP-mTomo1 (Barak et al., 2013) ; pcDNA3.1-Cdk5 (D144N), a dominant negative Cdk5 mutant (Shuang et al., 1998) . Lentiviral vectors encoding a short hairpin RNA for targeted knockdown of all Tomo1 isoforms or a nontargeted scrambled shRNA were obtained from Origene. The shRNA sequences are as follows: KD1, ACTGCTTCAGCCAGTGATT-GTGTCTCCAA; KD2, CCGTATGCTGTGGTTGTTCTCCTGGAGAA, scrambled control (Scr), CAGGAACGCATAGACGCATGA and were independently expressed (U6 promoter) using pGFP-C-shLenti or tRFP-CBshLenti. Lentiviral plasmids were submitted to the University of Michigan Vector Core for high-titer lentiviral production. Briefly, HEK293T cells were transfected by Lipofectamine (Invitrogen) with vectors encoding REV, MDL, pvSVG, and a lentiviral plasmid containing expression construct. Forty-two hours after transduction, the medium containing the viruses was collected, filtered through a 0.45 m filter to remove cell debris, then ultracentrifuged at 42,152 ϫ g at 4°C for 2 h. The supernatant was discarded and virus pellet gently resuspended in 10 ml of NbActiv4 (BrainBits, Nb4). Aliquots containing 500 l of NB4Activ with viruses were quickly frozen and stored at Ϫ80°C.
Primary hippocampal neuronal culture and transfections/infections. Neuronal cultures were prepared from postnatal day 1-2 rat hippocampi of either sex as previously reported (Jakawich et al., 2010) . Hippocampal neurons were plated on poly-D-lysine coated, 22-mm-diameter, #1.5 thickness coverglass (Neuvitro, GG-22) or on 14 mm microwell glassbottom 35 mm culture dishes (MatTek) at a density of 400 cells/mm 2 . Neurons were cultured in NBActiv4. Cells were maintained in a 37°C, 95% O 2 /5% CO 2 humidified incubator, and half the media was exchanged every 3-4 d with fresh NBActiv4 media. Neuronal cultures were transfected at 10 -14 DIV. Transfection was achieved using Lipofectamine 2000 (Invitrogen) with 0.8 -1 g of selected plasmid DNA mixed with 1 l of Lipofectamine in 200 l of NBActiv4 and allowed to stand for 30 min before being dripped onto the cell cultures. Cultures were incubated for 1 h with the Lipofectamine/DNA mix, after which media was exchanged with fresh NBActiv4 media. For lentiviral infections, the stock virus (ϳ1 ϫ 10 7 MOI/ml) stored at Ϫ80°C was thawed and diluted 1:10 in NBActiv4 culture media and added to neuronal cultures (5-9 DIV). After 12 h, additional NBActiv4 media was added diluting the virus 1:2. After 2 d, the culture media was exchanged with fresh NBActiv4 and neurons were used for experimentation between 7 and 14 d after infection.
vGpH image acquisition and analysis. vGpH imaging was performed on individual neurons 3-10 d after transfection (14 -24 DIV). Glass coverslips containing the neuronal cultures were mounted into a chamber outfitted for field stimulation (Warner Instruments, RC-49MFS) and perfused (0.5 ml/min) for rapid solution exchange (chamber volume, 100 l) with temperature controlled (37°C; Warner Instruments, TC-324B) physiological saline containing the following (in mM): NaCl 136, KCl 2.5, HEPES 10, glucose 10, CaCl 2 2, MgCl 2 1.3,DL-AP5 0.05 (Tocris Bioscience, 3693), CNQX 0.01 (Tocris Bioscience, 1045) , that was adjusted to pH 7.4. APs were evoked by field stimulation with 2 ms current pulses applied through platinum-iridium electrodes spatially placed within the chamber to achieve 10 V/cm fields. The frequency and period of stimulus application were controlled (Winston Electronics, A65) and synchronized to MetaMorph image acquisition software (Molecular Devices). Transfected neurons were spatially localized located on coverslips by mCh fluorescence of vGpH-mCh expression (Kim and Ryan, 2010) . In cases where neurons were cotransfected with vGpH-mCH and an additional protein (i.e., tRFP-shTomo1, mCH-Tomo1), cotransfection was considered positive when the red channel fluorescence was diffuse and filled the neurons rather than the characteristic punctate localization of vGpH-mCH alone. The effectiveness of each applied stimulus within a train to evoke APs was confirmed on initial sets of Fluo4-treated neuronal cultures by measurement of time-synchronized alterations in intracellular free calcium. vGpH responses to field stimulation were always conducted in the presence of 1 M bafilomycin-A1 (LC Laboratories, B-1080) to isolate exocytosis from endocytosis. Acquired vGpH fluorescent signals preceding and during stimulation were normalized to maximal vGpH fluorescence (F MAX ). This was done by brief application of a bath solution containing the following (in mM): NH 4 Cl 50, NaCl 86, KCl 2.5, HEPES 10, glucose 10, CaCl 2 2, MgCl 2 1.3,adjusted to set pH at 7.4 and osmolality between 290 and 300 mmol/kg, which leads to alkalization of the total vesicle pool (Sankaranarayanan et al., 2000) . Fluorescence imaging was performed on an Olympus IX81 microscope with Plan-Apochromat 100ϫ 1.4 NA or ApoN 60ϫ 1.49 oil-immersion objectives (Olympus America). Illumination was provided by a Lambda LS 300 Watt Xenon arc lamp (Sutter Instruments) coupled to an electronically shuttered liquid light guide for controlled transmission of light to the microscope optics. Images were acquired using an ImagEM EM-CCD Hamamatsu (C9100-23B) camera. Optical filter-sets designed for mCh and eGFP were used, respectively: Ex, 472/30; 416/25 and Em, 520/35; 464/23. vGpH time-series images were acquired at 5 Hz, using a 40 ms integration time, not binned (512 ϫ 512), with gain set to achieve the full dynamic 16-bit depth. A single image in the mCh channel was acquired at the beginning and end of the time series.
Spatial and temporal changes in fluorescence intensity within acquired vGpH time series image stacks were measured using FIJI (Schindelin et al., 2012) , an open source distribution of ImageJ (http://imagej.nih.gov/ ij/) focused on life sciences. Regions of interest (ROIs) were defined as puncta of fluorescent intensity localized along neuronal processes in images during NH 4 Cl treatment. Binary ROI masks were created by manual thresholding of a ⌬F NH4Cl image. The ⌬F NH4Cl image was calculated as F NH4Cl Ϫ F pre , where F NH4Cl is defined as an average of 10 frames during NH 4 CL application and F pre is defined as an average of 10 frames before application of any electrical stimulus in normal physiological saline. The resulting ⌬F NH4Cl image was then subjected to a watershed protocol to create distinct ROIs for closely adjoining puncta. The resulting ROIs were then applied to each image within the time series, and the average fluorescent intensity within each ROI per image was determined using a custom-built plugin (Balaji and Ryan, 2007) . The resulting time series of averaged intensity for each ROI was imported into Igor Pro (Wavemetrics) and corrected for photobleach decay by fitting a double exponential to fluorescence measurements taken from full-frame images across the time-series and subtracting it from the averaged intensity for each ROI (Royle et al., 2008) . The magnitude of the correction never accounted for Ͼ15% of the measured fluorescence change in response to neural stimuli. The baseline intensity of each ROI was then subtracted (F pre ), and the data of each ROI were normalized to its maximal intensity (F NH4Cl ). Time-series data for ROIs in each cell were averaged per time point to identify fractional TRP and ResP sizes. ROI time-series data were also grouped into ensembles for each treatment to generate cumulative frequency distributions of fractional TRP size. Data were plotted and statistical analysis performed using Prism 6 (Graphpad).
Immunoprecipitation. Neuronal cultures (14 -26 DIV) on glassbottom dishes were rinsed twice with PBS (Invitrogen) and cells lysed in 70 l immunoprecipitation (IP) lysis buffer per culture dish at 4°C using a cell scraper. IP lysis buffer contained the following (in mM): Tris-HCl 25, NaCl 50, MgCl 2 2, CaCl 2 1, 0.5% NP-40 adjusted to pH 7.4 and with protease and phosphatase inhibitors (Cell Signaling Technology, 5872) added immediately before use. Collected lysates were precleared via centrifugation at 2000 ϫ g for 3 min. Magnetic Protein A beads (Invitrogen 10002D) prebound to 0.5-1 g of antibody were then mixed with lysate and rotated at 4°C for 1 h, after which beads were collected using a magnetic system (Invitrogen) and rinsed 3ϫ with PBS at 4°C. IP pellet, supernatant, and final wash samples were fractionated by SDS-PAGE and Western blotted onto a nitrocellulose membrane. Immunoreactivity was assessed using indicated primary antibodies (1 h, room temperature) and species-specific secondary antibodies (45 min, room temperature) and scanned using an Odyssey CLx (Li-Cor Biosciences) . Fluorescence density was measured using the Gel Analyzer plugin in Fiji. For IP experiments that evaluated binding efficiency of Tomo1 to specific nucleotidebound states of Rab3A, cells were lysed in IP lysis buffer containing 4.0 M EDTA to release endogenous nucleotide binding. Precleared lysates were then incubated at 37°C for 10 min with a saturating concentration of nonhydrolysable GTP (GDP-␥-S, 200 M, Sigma-Aldrich) or GDP (GDP-␤-S, 200 M, Sigma-Aldrich) added to the supernatant, and MgCl 2 to a final concentration of 20 mM.
Phosphorylation of Tomo1. For in vitro Cdk5 phosphorylation of Tomo1, NativePure streptavidin-agarose affinity purification was used to purify N-terminal biotin tagged mTomo1 protein from HEK293T cells transfected with pCDNA capTEV-mTomo1 according to the manufacturer's protocol (Invitrogen). As a control, HEK293T cells were transfected with the empty pCDNA capTEV vector and subjected to an identical purification procedure. In brief, five dishes (10 cm) of HEK293T cells at 70% confluency were transfected with 12 g of DNA/ dish using Lipofectamine 2000 (Invitrogen). At 48 h after transfection, cells were collected in NativePure lysis buffer, subjected to 3 liquid nitrogen freeze/thaw cycles, and then centrifuged at 10,000 ϫ g for 10 min at 4C. Strepavidin beads were added to the postnuclear supernatant and rotated for 3 h at 4°C. Beads were then collected (1000 ϫ g for 2 min), rinsed, and the purified Tomo1 protein stored (4°C) in lysis buffer with 0.1 mM sodium azide. SDS-PAGE followed by Commassie staining was used to assess and quantify protein yield and purification. For in vitro Cdk5/p25 phosphorylation reactions, 11.5 g of mTomo1 on streptavidin beads was rinsed in phosphorylation buffer containing the following (in mM): 25 MOPS, pH 7.2, 12.5 ␤-glycerol phosphate, 25 MgCl 2 , 5 EGTA, 2 EDTA, 0.25 DTT, and 250 g of active Cdk5/p25 kinase (Signal Chem, C33-10G). Reactions were initiated by adding 50 M ␥-[
32 P]ATP (PerkinElmer, NEG002A) with incubation at 30°C and intermittent mixing for 15 min. Reactions were terminated by centrifugation at 3000 ϫ g for 2 min, followed by 3 washes of bead pellet in cold kinase buffer (4°C) lacking Cdk5/p25 and ␥-[
32 P]ATP. Bead pellet samples were then fractionated by SDS-PAGE, blotted, and the 32 P labeled Tomo1 detected using a Molecular Imager FX (Bio-Rad). Tomo1 on the nitrocellulose membrane was subsequently immunolocalized by Western blotting. Controls included reactions with purified mTomo1 protein containing 1 mM Roscovitine (Rosco), purified mTomo1 with no Cdk5/p25 kinase added, and streptavidin beads used in empty vector purification.
To measure tomosyn phosphorylation, in situ neuronal cultures plated on 14 mm microwell glass bottom dishes were rinsed 3ϫ in warmed phosphate deficient DMEM with high glucose (#11971-025, Invitrogen). Cultures were then incubated in 50 l of DMEM containing 500 Ci/ml of 32 P orthophosphate for 4 h in a 37°C, 95% O 2 /5% CO 2 humidified incubator to achieve 32 P labeling of cytosolic ATP. Treatments included Ϯ Rosco (100 M, 4.5 h) with Ϯ picrotoxin (50 M, 4 h). Picrotoxin was applied 30 min following treatment Ϯ the Cdk5 inhibitor Rosco. Cultures were then rinsed 3ϫ with ice-cold TBS containing the following (in mM): Tris-HCl 50, NaCl 100, Na 2 HPO 4 20, with pH adjusted to 8.0) and lysed in IP lysis buffer. Tomosyn was immunoprec-ipitated, subjected to SDS-PAGE fractionation, and blotted onto nitrocellulose. To detect and quantify 32 P incorporation, the Tomo1 blots were imaged using a Molecular Imager FX (Bio-Rad) and subsequently immunoblotted for Tomo1.
Electrophysiological recordings in cultures. Whole-cell patch-clamp recordings were performed with a HEKA 10 amplifier and Patchmaster Software (HEKA Elektronik, Dr. Schulze GmbH) from 17 to 24 DIV cultured hippocampal pyramidal-like neurons. The extracellular bath solution for recording miniature EPSCs (mEPSCs) contained the following (in mM): NaCl 119, KCl 5, CaCl 2 2, MgCl 2 2, glucose 30, and HEPES 10, that was adjusted to pH to 7.4 with NaOH. TTX (1 M) and the GABA A receptor antagonist bicuculine (10 M) were added just before use. The extracellular solution for recording evoked EPSCs was similar, with the exceptions that CaCl 2 was reduced to 0.5 mM, MgCl 2 increased to 3.5 mM, and TTX and bicuculine were omitted. The internal pipette solution contained the following (in mM): Cs-gluconate 105, MgCl 2 5, EGTA 0.2, ATP 2, GTP 0.3, and HEPES 40, adjusted to pH to 7.2 with CsOH. Pipette resistance ranged from 2 to 5 M⍀. Neurons were voltageclamped to Ϫ70 mV. Evoked EPSCs were produced by positioning 25-m-diameter bipolar stimulating electrode close to the neuron (100 -200 m) and applying 0.4 ms current pulses of constant amplitude (WPI, A360 Stimulus Isolater). Measurement of amplitude and frequency of mEPSC and amplitudes of evoked EPSC were performed offline using Patcher's Power tools (Dr. Francisco Mendez and Frank Würriehausen, Max-Planck-Institute) and Taro Tools (Jikei University School of Medicine) plugins for Igor Pro (Wavemetrics).
ICC and PLA imaging. ICC was performed as previously reported (Glynn and McAllister, 2006) . Primary antibodies were added at indicated dilutions in 3% BSA for 1 h followed by rinses (3% BSA in PBS, 5ϫ, 5 min) and addition of secondary antibodies (diluted in PBS) for 45 min followed by five 5 min washes in PBS. PLA reactions were performed identical to ICC procedures through the addition of primary antibodies. In place of secondary antibodies, PLA ϩ and PLA Ϫ probes (SigmaAldrich) were added for 45 min at 37°C followed by three 5 min washes (0.2% BSA, 0.1% Triton X-100 in PBS). Next, PLA ligation and amplification solutions were sequentially added for 30 min and 100 min, respectively, with two washes after each.
Colocalization analysis of fluorescence images was performed using the JACoP plugin for FIJI (Bolte and Cordelières, 2006) . The Pearson R correlation coefficient and Mander's overlap coefficient were generated for pairs of images using fluorescent intensities of spatially matched pixels. The pixels included in the analysis were determined by the Costes automatic thresholding method (Costes et al., 2004) . For PLA density analysis, images were manually segmented using a bright-field channel to create an ROI that demarcates cell boundaries. Next, the particle analysis plugin in FIJI was used to automatically count the number of fluorescent puncta contained within the ROI that were at least 3 ϫ 3 pixels in size. For comparisons of pCdk5 immunofluorescence intensity, ROIs were created around puncta positive for Synapsin 1-Alexa488 immunolabeling from images that were background subtracted with a 50-pixel rolling-ball radius, thresholded, and converted into binary masks. ROIs were then applied to the alternate channel of the same image field containing pCdk5-Alexa594 to extract individual fluorescence intensity per ROI. Straightened axon images were generated using the Straighten plugin for FIJI.
Statistical analysis. All statistical analysis was done using GraphPad Prism. Where indicated, one-way ANOVA tests were used for comparisons of population means with significance set to a p Ͻ 0.05. Post hoc t tests with Tukey's correction were used for multiple comparisons between specific groups. Cumulative frequency distributions were compared using the Kolmogorov-Smirnov test; statistical significance was set to to a p Ͻ 0.05. Sample means throughout are presented as Ϯ SEM.
Results

Tomosyn1 inhibits evoked but not basal synaptic transmission
All functional analyses of Tomo1 on presynaptic physiology and identification of its sites of action on SV pools were conducted on excitatory synapses of cultured rat hippocampal neurons (14 -24 DIV). Tomo1 is predominantly expressed at excitatory synapses and is enriched presynaptically relative to Tomosyn2 family proteins, which have been reported by immunohistochemistry in brain slices to be primarily postsynaptic in the hippocampal mossy fibers (Barak et al., 2010) . As shown in Figure 1A 1 , ICC of a straightened axon fragment demonstrated that Tomo1 immunofluorescence intensity spiked coincidently with that of Synaptophysin (Syp), an integral SV membrane protein. Quantitative analysis of pixel-by-pixel intensity profiles (n ϭ 29) further confirmed that endogenous Tomo1 within cultured hippocampal neurons is colocalized with Syp (Fig. 1A 2 ) . To examine regulatory effects of Tomo1 on electrically evoked and basal neurotransmission, we used lentiviral infection to overexpress (OE) Tomo1 and shRNA to KD Tomo1 expression. Endogenous expression of Tomo1 was reduced on KD by 84.7% and 91.3% respective to the GFP only and shScramble expression conditions (Fig. 1B) . To assess the reduction of Tomo1 on initial release probability (Pr), we measured short-term plasticity of EPSC measurements using a paired-pulse ratio (PPR) analysis, where the interval between external field stimuli was varied (Dobrunz and Stevens, 1997; Zucker and Regehr, 2002) . As shown in Figure 1C -E, Tomo1 OE resulted in paired-pulse facilitation (EPSC2 Ͼ EPSC1) over interstimulus intervals (ISIs) ranging from 50 to 250 ms that was significantly greater than control (PPR at 50 ms 1.96 Ϯ 0.18 Tomo1 OE vs 1.11 Ϯ 0.05 control). By comparison, Tomo1 KD neurons demonstrated paired-pulse depression relative to control for the 50 ms ISI (0.79 Ϯ 0.13 vs 1.11 Ϯ 0.05, respectively). As paired-pulse facilitation is inversely proportional to the initial Pr (Zucker and Regehr, 2002 ), these data demonstrate that Tomo1 serves as a strong negative regulator of initial Pr at hippocampal synapses. We next asked whether Tomo1 exerts effects on spontaneous release at hippocampal synapses. To address this, we recorded mEPSC in the presence of the voltage-gated sodium channel blocker TTX to prevent AP firing and network activation, under Tomo1 OE and KD conditions compared with control. Consistent with the prior reports (McEwen et al., 2006; Chen et al., 2011; , our data demonstrated no significant changes in frequency or amplitude of mEPSCs among the conditions tested (Fig. 1F ) . Together, the effects of Tomo1 on initial Pr associated with evoked EPSCs is consistent with its reported activity to depress SV transition into the RRP through formation of nonfusogenic SNARE complexes. Interestingly, this inhibitory action of Tomo1 did not translate to changes in spontaneous exocytotic fusion of SVs.
Tomosyn1 inhibits multiple vesicle pools
Because Tomo1 may exert secretory effects beyond actions on the initial releasable pool of SVs (McEwen et al., 2006; Chen et al., 2011) we next used vGpH, as a direct optical reporter of SV cycling, to test for Tomo1 participation in partitioning of SVs at other presynaptic sites. For this assessment, we applied field stimulation protocols eliciting AP firing (Burrone et al., 2006; Alabi and Tsien, 2012) to drive release of SVs likely associated with the RRP (20 Hz, 40 pulses) (Rosenmund and Stevens, 1996; Schikorski and Stevens, 1997, 2001; Stevens and Williams, 2007) and TRP (20 Hz, 900 pulses) (Burrone et al., 2006; Voglmaier et al., 2006; Kim and Ryan, 2010) , whereas the nonreleasable RestP vesicles were measured by a subsequent ammonium chloride alkalinization (Sankaranarayanan et al., 2000) . All experiments were performed in the presence of the V-type ATPase inhibitor bafilomycin-A1 to restrict measurements to report net exocytosis by preventing reacidifcation of endocytosed SVs (Sankaranarayanan et al., 2000). Actions of Tomo1 were evaluated in vGpH-expressing neurons under Tomo1 OE and KD conditions compared with control (vGpH ϩ empty vector and vGpH ϩ sh-SCR). Relative to control, Tomo1 KD resulted in a significant enhancement in the release efficacy in response to the brief stimulus train targeting the RRP, whereas Tomo1 OE resulted in a significant decrease (Fig. 2A) . These data are consistent with our PPR results, which indicated that Tomo1 KD and OE may alter the RRP size and/or the probability of release per vesicle (Pvr) in the RRP (Fig. 1C-E) . Notably, evaluations of the TRP led to the discovery that Tomo1 KD resulted in significantly greater averaged TRP (0.678 Ϯ 0.044, shTomo1-1) at the expense of the ResP compared with control (0.516 Ϯ 0.036) and Tomo1 OE (0.367 Ϯ 0.043) conditions (Fig. 2 B, C) . This change was not likely a result of nonspecific/off-target effects of shRNA KD construct, as it was observed using two distinct shRNA sequences (0.744 Ϯ 0.036 shTomo1-2) and rescue with human Tomo1 OE returned TRP to control levels (0.543 Ϯ 0.040). Furthermore, cumulative frequency distributions of TRP size indicated that regulation by Tomo1 of TRP vesicles was distributed across the entire population of synaptic boutons (Fig. 2D) . Apparent from these distributions, Tomo-1 KD demonstrated a significant ( p Ͻ 0.05) right shift toward greater TRP fractions (median ϭ 0.67 and 0.72) and Tomo1 OE a left shift toward smaller TRP fractions (median ϭ 0.41) relative to control (median ϭ 0.54). No statistically significant differences were observed between conditions for averaged TRP depletion kinetics (, con 18.2 Ϯ 3.15; KD 18.12 Ϯ 4.96; OE 17.36 Ϯ 6.05); or averaged total SV pool size ( f NH4Cl Ϫ f 0 , con 7007 Ϯ 1325; KD 6622 Ϯ 2278; OE 12191 Ϯ 1813). The regulatory action of Tomo1 on TRP/ResP SV distribution is a newly identified site of Tomo1 action at central excitatory synapses. That is, Tomo1 action is not limited to inhibiting final stages of priming of SVs to release competency, but is also involved in a molecular mechanism that acts to clamp vesicles into the releaserecalcitrant ResP.
Tomosyn was discovered as Syntaxin1A-binding protein (Fujita et al., 1998) that is capable of forming a ternary complex with Syntaxin and SNAP25 that mitigates VAMP on secretory vesicles from forming into SNARE complexes (Hatsuzawa et al., 2003; Pobbati et al., 2004; Bielopolski et al., 2014) . Therefore, we next tested whether Tomo1's regulatory action on the RRP and TRP/ ResP required the VAMP-like SNARE domain. As shown in Figure 2E , OE of a mTomo1 deficient in the C-terminal SNARE motif (Tomo1-⌬CT; mTomo1 (1-1069)) did not result in inhibition of the estimated RRP compared with control (Fig. 2E) ; however, it did significantly inhibit the TRP relative to control (Fig. 2F,G) and to a similar degree as OE of wt Tomo1 (compare withFig. 2C). IPs from PC-12 cell lysates expressing Tomo1-⌬CT versus wt Tomo1 confirmed that Tomo1-⌬CT fails to interact with Syntaxin1A and SNAP25 (Fig. 2H) . These data suggest that there are two independent regulatory actions of Tomo1 on synaptic transmission: (1) regulation on efficacy of release associated with the RRP, which depends on the VAMP-like SNARE domain; and (2) Tomo1 regulation on distribution of SVs between the TRP and ResP, which is independent of the Tomo1 VAMP-like SNARE motif. Interestingly, the ability of Tomo1 to allocate vesicles to a nonreleasable ResP independent of its R-SNARE motif may reflect an evolutionary conserved function with its yeast ortholog Sro7, which lacks an R-SNARE motif and, when overexpressed, results in nonfusogenic vesicle clusters independent of the cognate SNARE sec9 (Hattendorf et al., 2007; .
Activity-dependent Cdk5 regulation and Tomosyn1 phosphorylation
The presynaptic partitioning of SVs among the TRP and ResP may be dynamically regulated in response to neuronal activity. Indeed, NMDA-receptor-dependent potentiation of neurotransmitter release in cultured hippocampal neurons drives an increase in the fraction of recycling vesicles (Ratnayaka et al., 2012) . Moreover, engagement of forms of homeostatic plasticity driven by pharmacologically-induced changes in global network activity Figure 2 . Effects of Tomo1 on SV partitioning among functionally defined SV pools. A, Comparison of averaged RRP for Tomo1 OE (mCh-Tomo1, magenta, n ϭ 15), sh-Tomo1 KD (sh-Tomo1 ϩ tRFP, blue, n ϭ 9), and control (mCh empty vector, black, n ϭ 10) conditions. RRP was defined as the change in vGpH fluorescence (⌬f t ) to application of 40 field stimuli (10 V/cm) at 20 Hz, in saline containing 4 mM Ca 2ϩ normalized to the total pool (TP) of SVs. B, Representative vGpH measurements of TRP (⌬f t /TP) from single neurons. The TRP is defined as ⌬f to a SV recycling pool-depleting stimulus (900 pulses at 20 Hz) normalized to the TP. C, Comparison of mean TRP for conditions indicated (n ϭ cell number). D, Cumulative TRP frequency distributions for bouton ensembles of each condition (n ϭ boutons). E, Comparison of averaged RRP on OE Tomo1 ⌬-CT (magenta, n ϭ 6) with control (black, n ϭ 5). F, Representative vGpH measurement of TRP from neuron overexpressing Tomo1 lacking C-terminal SNARE domain (Tomo1 ⌬CT) and from a control neuron (empty vector). G, Averaged TRP for control (black) and Tomo1 ⌬CT conditions. Expression of Tomo1-wt (bottom dashed gray line, data from C) and Tomo1 ⌬CT result in a comparable decrease in TRP. H, IP demonstrates that Tomo1 wt, but not Tomo1 ⌬-CT, coprecipitates of Syntaxin1A and SNAP25 SNARE proteins from PC-12 cell lysate. The result confirms a central requirement of Tomo1's SNARE domain for Q-SNARE complex formation. For this figure and all subsequent Western blot images, lanes are as follows: S, Supernatant after immunoprecipitation; W, final wash; P, IP pellet. *p Ͻ 0.05.
have been reported to be accompanied by compensatory shifts in SVs in the ResP within hippocampal slices and hippocampal and neocortical neuron cultures (Virmani et al., 2006; Kim and Ryan, 2010; Rose et al., 2013) . While numerous presynaptic and postsynaptic mediators of homeostatic plasticity have been identified, particularly via forward genetic screens of the Drosophila neuromuscular junction (NMJ) (Frank et al., 2006 (Frank et al., , 2009 Dickman and Davis, 2009; Müller et al., 2011 Müller et al., , 2012 , the specific mammalian presynaptic signaling pathways that direct changes in the SV pool distribution during plasticity remain less defined. Among those established to exert effects on the TRP is Cdk5, which has been demonstrated via pharmacological blockade with Rosco to drive an increase in the presynaptic TRP, concomitant with a decrease in the ResP within hippocampal brain slices and cultured hippocampal neurons (Kim and Ryan, 2010; . Cdk5 is a proline-directed Ser/Thr kinase whose activators (p35 and p39) are primarily brain-specific (Tsai et al., 1994; Tang et al., 1995; Xiong et al., 1997) . Cdk5 has been ascribed multiple cellular functions, including primarily a neural-specific kinase critical to neuron differentiation and migration, axon guidance, synaptogenesis, membrane trafficking, and synaptic plasticity, with dysregulation of its activity also linked to neurodegenerative diseases, such as Alzheimer Notably, learning and memory formation and hippocampal plasticity are also dependent on Cdk5 (Cheung and Ip, 2012; Lai et al., 2012). Of specific interest to the present study, Cdk5 has been reported to modulate TRP size (Kim and Ryan, 2010) , and this modulation closely mirrored in extent the distributional changes we observed upon alterations of Tomo1 expression. As such, we evaluated whether Cdk5 actions on the TRP involved Tomo1; that is, are Tomo1 regulatory actions on SV TRP/ResP distribution governed by catalytic Cdk5 phosphorylation of Tomo1? For this assessment we initially tested whether alterations in neuronal activity within hippocampal cultures are reflected in alterations in the activation state of Cdk5. This was evaluated using a phosphorylation-specific Cdk5-Ser159 antibody, as Ser159 is phosphorylated upon Cdk5 activation (Sharma et al., 1999; Czapski et al., 2011) . Figure 3A shows that treatment of cultures with Rosco (100 M, 30 min) lowered averaged immunofluorescence intensity (0.75 Ϯ 0.021), whereas cyclosporine A (CSA), an inhibitor of the presynaptic serine/threonine phosphatase calcineurin, which opposes the functional effects of Cdk5 on SV pools (Kim and Ryan, 2010) , increased averaged intensity (1.234 Ϯ 0.148) relative to immunofluorescence intensity of control cultures. These data indicate that anti-phosphoCdk5-Ser159 immunofluorescence reports on relative activation of Cdk5. To assess the role of neural activity on Cdk5 activation, we compared treatment of cultures with TTX (1 M, 24 h), to block global AP firing, to vehicle-treated controls. The results showed that blocking neuronal spiking with TTX led to strong reductions in averaged phosphorylated Cdk5 immunofluorescence intensity (0.7 Ϯ 0.004) relative to control (Fig. 3B) , sug- gesting that the activation state of Cdk5 is sensitive to neuronal activity.
To determine whether Tomo1 is a Cdk5 phosphorylation substrate, intermolecular interaction was tested by coimmunoprecipitation from hippocampal neuronal culture lysate. The results established that Cdk5 coimmunoprecipitations with Tomo1, and that the coimmunoprecipitation is independent of whether Cdk5 or Tomo1 was the primary IP protein (Fig. 3C) . We next tested whether Tomo1 is a phosphorylation target of Cdk5. For this, in vitro phosphorylation reactions were conducted using purified active p25 (an active proteolytic fragment of p35) plus Cdk5 in the presence of ␥-[
32 P]-ATP, together with biotin-tagged mTomo1 protein that was affinity-purified from transfected HEK-293T cells to assure proper post-translational folding. Reactions showed a direct correlation between 32 P-radiolabel and Tomo1 immunoreactivity by Western blot analysis (Fig. 3D) . 32 P-phosphorylation of Tomo1 was mediated by Cdk5, as radiolabeling was not observed in the empty-vector control samples or in Tomo1 p25/Cdk5 samples containing Rosco (1 mM) (Fig. 3D) . Together, the data indicate that Tomo1 is a Cdk5 phosphorylation substrate.
Tomosyn1 and Cdk5 share a common pathway in regulating SV pools
To determine whether Tomo1 actions on the TRP were under specific regulation by Cdk5, we evoked presynaptic release in control and Tomo1 KD neurons under conditions where Cdk5 was pharmacologically inhibited. As shown in Figure 4 , inhibition of Cdk5 with Rosco (100 m, 30 min) enhanced the fraction of recycling vesicles relative to that observed in carrier-treated (0.1% DMSO) controls (Fig. 4A, black trace left vs right) . These findings are similar to those previously reported (Kim and Ryan, 2010) . Importantly, we found that the increase in TRP size upon Cdk5 inhibition was dependent upon Tomo1, as Roscomediated enhancement of the TRP was absent in the Tomo1 KD condition (Fig. 4A , blue trace, right vs black trace, right). Tomo1 KD alone also led to an enhancement in the fraction of recycling vesicles (Fig. 4A, blue trace, left) , similar to that observed with Cdk5 inhibition (Fig. 4A, black trace, right) . As a complement to these findings, we next compared the effects in control versus Tomo1 KD neurons when Cdk5 activity was genetically depressed by expression of the catalytically inactive, dominantnegative Cdk5 mutant (Cdk5(D144N) ). Notably, we observed an enhancement in the TRP fraction upon Cdk5-D144N expression that was comparable with that observed upon treatment with Rosco (Fig. 4A, magenta trace, left) . Moreover, application of Rosco in the Cdk5-D144N expression condition did not significantly increase the TRP size (Fig. 4A, magenta trace, right) , confirming that the effects of Rosco on the TRP are specific to Cdk5. The above experimental results demonstrate the following: (1) Tomo1 KD or ablation of Cdk5 catalytic activity led to a significant increase in the fraction of SVs in the TRP; and (2) downregulation of Tomo1 expression or Cdk5 activity occludes regulated increases in the TRP that are normally mediated by Cdk5 inhibition or Tomo1 KD, respectively (Fig. 4B) . Moreover, consistent with prior reports (Kim and Ryan, 2010; Verstegen et al., 2014) , we find that inhibition of Cdk5 by Rosco treatment significantly reduced the time constant for TRP depletion relative to control (Fig. 4D) . The TRP depletion time constants in response to Rosco treatment in Tomo1 KD or Cdk5-D144N conditions were not significantly different from untreated control, although there appeared a trend toward lower tau values. Finally, analysis of cumulative frequency distributions of TRP size from bouton ensembles across cells show that genetic or pharmacological inhibition of Cdk5, KD of Tomo1, or downregulation of both proteins, results in a comparable greater TRP (right shift) relative to nontreated control cells (Fig. 4C) . Together, these data strongly support Tomo1 and Cdk5 as acting within the same signal-transduction pathway that regulates the distribution of SVs to the TRP and ResP.
Identification of a novel Tomosyn1 effector interaction
How may Tomo1 act, independent of its SNARE motif, to modulate SV availability for release? Tomo1 as a nonintegral membrane protein is localized to the cytosol, plasma membrane and SVs in rat brain (Fujita et al., 1998; McEwen et al., 2006; Takamori et al., 2006) . While Tomo1's association with the plasma membrane occurs via an interaction with Syntaxin1A (Gladycheva et al., 2007) , the mechanism mediating Tomo1-SV association is unknown. In yeast, orthologs of Tomosyn (Sro7p/77p) interact with Sec4 (Rab GTPase), which is important in tethering/ docking of vesicles and membrane association via C-terminal digeranylgeranylation (Farnsworth et al., 1991; Calero et al., 2003; Hutagalung and Novick, 2011) . Based on a potential for evolutionary conservation of effector interactions, we therefore tested whether Tomo1 interacts with Rab3A GTPase. Rab3A is an isoform of the Rab3(A-D) GTPase family, which assumes primary targeting/docking roles at central synapses (Schlüter et al., 2004) . Notably, Rab3A was observed to coprecipitate with endogenous Tomo1, as well as with expressed YFP-Tomo1, following neuronal lentiviral infection of hippocampal neuron cultures (Fig. 5A) . Moreover, the interaction appeared specific, as coimmunoprecipitation of other synaptic (RIM1/2, Actin) or integral SV (Synaptophysin) proteins was not observed (Fig. 5A) . Interestingly, the coimmunoprecipitation of Tomo1 and Rab3A without RIM proteins suggests that, when Rab3A interacts with Tomo1, it fails to also interact with RIM proteins. To test whether the nucleotide state of Rab3A affected Tomo1 binding, we next conducted IP assays from hippocampal lysates where Rab3A was locked into nucleotide-free, GTP-or GDP-bound states, in part using nonhydrolyzable nucleotide analogs. We observed that Tomo1 bound preferentially to Rab3A-GTP compared with its GDP or nucleotide free (Fig. 5 B, C) .
To complement the IP results, the Tomo1/Rab3A interaction within a cell context was evaluated using a PLA. Insulin-secreting . Tomo1 interaction with Rab3A-GTP. A, IP of endogenous Tomo1 from cultured hippocampal neuronal lysates results in coprecipitation of Rab3A, but not Rim1/2, actin or synaptophysin (Syp). Bottom immunoblot demonstrates that IP of lentiviral OE YFP-Tomo1 also results in strong coprecipitation of Rab3A from neurons. B, Western blot showing IP of Tomo1 preferentially coprecipitates GTP-bound Rab3A. Neuronal lysates used for IP were pretreated to drive Rab3A into GTP (GTP ␥-S), GDP (GDP ␤-S), or a nucleotide-free state (n ϭ 3 cell preparations). C, Averaged Tomo1:Rab3A coimmunoprecipitation ratio for each nucleotide-loaded condition. D, Representative PLA images of Min6 cells assessing in-cell interaction of Tomo1 and Rab3A, compared with protein interaction controls (as indicated). Top row, DAPI staining overlaid on differential interference contrast bright-field to define plasma membrane periphery of cell cluster. Bottom row, PLA fluorescent puncta for each PLA interaction set. Insets, Enlarged spatially defined region of cytosol. E, Averaged PLA signal density for each protein interaction set (n ϭ number of cell clusters). F, Min6 cell PLA Tomo1 ϩ Rab3A interaction signal shown at high magnification indicates that fluorescent puncta are likely localized to dense-core secretory granules. G, Images of PLA fluorescent puncta on hippocampal neurons resulting from assay of indicated protein interactions. *p Ͻ 0.05.
Min6 cells were used, as they possess large (ϳ270 nm diameter) secretory granules, use exocytotic machinery similar to that of neurons, and present a well-resolved cell periphery that promotes quantitative analysis of the PLA fluorescent puncta. PLA fluorescent puncta arise when different secondary antibodies containing unique short DNA strands react with primary antibodies against proteins that are in close proximity (Ͻ40 nm) to enable DNA ligation, amplification, and binding of fluorescently labeled oligonucleotides at sites of putative protein-protein interactions. Robust PLA signals between Rab3A and Tomo1 were observed (Fig. 5 D, E ; 0.378 Ϯ 0.02 puncta/m 2 ) that appear localized with secretory granules (Fig. 5F ). The density of PLA fluorescent puncta was not significantly different from that of independent tests for the previously established Rab3A/RIM2 (0.437 Ϯ 0.015 puncta/m 2 ) interaction within presynaptic compartments Dulubova et al., 2005) . Negligible PLA signals were observed between Rab3A and the SV membrane protein Syp (0.077 Ϯ 0.008 puncta/m 2 ) or when cells were probed for Rab3A alone (0.07 Ϯ 0.007 puncta/m 2 ) (Fig. 5E) . PLA experiments in cultured hippocampal cells also show robust signals between Tomo1 and Rab3A as well as Rim1/2 and Rab3A, but not Syp and Rab3A (Fig. 5G) . The interaction between Tomo1 and Rab3A-GTP on SVs in hippocampal neurons may serve as a candidate molecular mechanism for clamping vesicles in the ResP, as studies in yeast show that Sro7 induced accumulation of nonfusongenic vesicles depends on Sec4-GTP (Rossi and Brennwald, 2011). In addition, mammalian studies on exocytosis have demonstrated that Rab3A-GTP acts as a clamp on SV and secretory granule release (Holz et al., 1994; Johannes et al., 1994; Star et al., 2005) .
Synapsin 1 interaction with Tomosyn1/Rab3A complex and regulation by Cdk5
As Rab3A-GTP also binds Synapsin proteins (Giovedì et al., 2004) , and as Synapsin phosphoproteins are major regulators of membrane tethering of SVs at, or adjacent to, the AZ Cesca et al., 2010) , we next determined whether Synapsin 1 may interact with the Tomo1/Rab3A complex to potentially modulate Tomo1 regulatory actions on the TRP. Figure 6A demonstrates that Synapsin 1a and 1b immunoreactivity along with Rab3A was detected in Tomo1 immunoprecipitate samples prepared from cultured hippocampal neurons. By comparison, the use of rabbit IgG isotype-control yielded no detectable IP of Tomo1, Rab3A, or Synapsin 1 proteins (Fig. 6B) . To test whether the Tomo1 and Synapsin 1 interaction occurred as a function of Rab3A binding, we next conducted Tomo1 IPs from neuronal lysates that were precleared of Rab3A protein using an initial anti-Rab3A antibody IP. Figure 6C shows that using Rab3A precleared supernatant (S), Synapsin 1 proteins were not coimmunoprecipitated with Tomo1, suggesting that Tomo1 forms a complex with Synapsin 1 proteins via its interaction with Rab3A. To determine whether Cdk5 activity exerts functional regulation on Tomo1/Rab3A/Synapsin 1 interactions, the relative levels of Rab3A and Synapsin 1 were measured in Tomo1 immunoprecipitates prepared from lysate of hippocampal neurons pretreated with either Rosco, CSA, or vehicle (Fig.  6 D, E) . Notably, a significant increase in Rab3A and Synapsin 1 level was observed with CSA treatment, relative to control, a condition expected to result in enhanced levels of Cdk5 phosphorylation and subsequent decrease in the size of the TRP . No significant change in Rab3A or Synapsin level was observed with Rosco treatment relative to control. The lack of a detectable decrease upon Rosco treatment is likely related to assay sensitivity, as even for the control condition immunoreactive signals are near the detection limit. The strong increase in Rab3A and Synapsin 1a, 1b coimmunoprecipitation with Tomo1 following CSA treatment suggests that the interaction may be sensitive to Cdk5 catalytic activity, although as calcineurin serves as a general phosphatase, the development of these interactions may also be sensitive to other targets of calcineurin (i.e., dynamin, amphiphysin, synaptojanin) or result from indirect effects of calcineurin. For example, calcineurin has been shown to modulate calcium influx (Kim and Ryan, 2013) , the insertion of calcium-permeable AMPA receptors (Kim and Ziff, 2014) and regulate the synthesis of retinoic acid (Arendt et al., 2015) , among others (Baumgärtel and Mansuy, 2012) . Nonetheless, the discovery of a Tomo1/Rab3A/Synapsin 1 complex, together with well-established roles of Rab3 and Synapsin 1 in SV targeting and tethering, suggests a possibility for this molecular complex to modulate availability of SVs for evoked release.
Tomosyn1 phosphorylation state is sensitive to neuronal activity and is important for synaptic scaling Do changes in Cdk5 activation state mediated by neural activity lead to changes in presynaptic Tomo1 phosphorylation such that Tomo1 may act as a key homeostatic mediator of changes in neurotransmitter release? To address this question, we first determined whether Tomo1 is subject to in situ Cdk5 phosphorylation in neurons. This was performed by assessment of 32 P radiolabeling of Tomo1 using hippocampal neuronal cultures in which cytosolic ATP was labeled by 32 P orthophosphate. As shown in Figure 7 A, B, IP of Tomo1 from these cultures demonstrated that Tomo1 was phosphorylated and that treatment with Rosco (100 M) resulted in an ϳ50% reduction in basal phosphorylation levels. Importantly, chronic elevation in neural activity induced by treatment with the GABA A receptor antagonist, picrotoxin (50 M, 4 h), together with an elevation in extracellular calcium (4 mM) demonstrated an increased level of phosphorylated Tomo1 relative to control (Fig. 7B) . Inhibiting Cdk5 by application of Rosco (100 M) 30 min before and throughout the pharmacologically induced elevations in neural activity did not completely abrogate the increase in Tomo1 phosphorylation; but, notably, it did result in a decrease compared with chronic activity alone (Fig. 7B) . Tomo1 is therefore an activity-dependent Cdk5 substrate, although Tomo1 may be subject additional kinases, such as PKA (Baba et al., 2005) , during elevations in neuronal spiking. Finally, we evaluated whether Tomo1 is functionally important for presynaptic homeostatic elevations in SV release that occur following chronic silencing of neural activity (Jakawich et al., 2010; . Figure 7C , D demonstrates that chronic silencing of network activity in the hippocampal cultures by treatment with competitive antagonists of AMPA/kainate glutamate receptors (CNQX, 40 M) for 24 h resulted in greater vGpH responses to a 100P/10 Hz stimulus relative to vehicle-treated controls. Importantly, Tomo1 KD neurons lacked the ability to undergo these compensatory enhancements in neurotransmitter release relative to vehicle-treated shTomo1 neurons. Although KD of Tomo1 alone leads to a significant enhancement in SV release (Fig. 2) , these results suggest that the ability of synapses to upregulate SV release within the context of prolonged activity blockade requires Tomo1. Together, our data indicate that the phosphorylation state of Tomo1 is sensitive to neural activity, phosphorylation of Tomo1 regulates Rab3A/Synapsin 1 interaction and that Tomo1 has a pivotal role in activity-dependent compensatory synaptic scaling.
Discussion
Elucidating the signaling pathways that confer precise, dynamic recycling and partitioning of SVs in response to neural activity is of considerable importance, as sustained information transfer at central excitatory synapses requires the limited SVs to be rapidly recycled (Shepherd and Harris, 1998; Schikorski and Stevens, 2001; Micheva and Smith, 2005; Rizzoli and Betz, 2005; Denker and Rizzoli, 2010; Alabi and Tsien, 2012) . In addition, Pr and short-term synaptic plasticity, as well as aspects of Hebbian and homeostatic forms of synaptic plasticity are strongly impacted by the distribution of the SVs into distinct presynaptic pools (RRP, RP, and ResP) (Kim and Ryan, 2010; Ratnayaka et al., 2012; Rose et al., 2013; Verstegen et al., 2014) . Presynaptic boutons of a given neuron may also differ in distribution of SVs among releasable (TRP) vs nonreleasable (ResP) pools, thereby conferring the possibility of precise spatial regulation of Pr and presynaptic plasticity (Harata et al., 2001; Li et al., 2005; Micheva and Smith, 2005; Fernandez-Alfonso and Ryan, 2008; Fredj and Burrone, 2009; Welzel et al., 2011; Ratnayaka et al., 2012) . In the present study, we establish that Tomo1, a soluble R-SNARE motif-containing protein, is a central mediator on the distribution of SVs between presynaptic pools. Interestingly, Tomo1's regulatory action on SV TRP and ResP distribution is independent of its C-terminally localized R-SNARE domain, proposing an action through downstream effector interaction with Tomo1's N-terminal ␤-propeller domains. Consistent with this, we identify a novel protein interaction between Tomo1 and Rab3A-GTP, which then promotes formation of a molecular complex with Synapsin 1 proteins. We also establish that: (1) Tomo1 is an activity-dependent phosphorylation substrate of Cdk5; (2) assembly of the Tomo1/Rab3A/ Synapsin 1 complex is sensitive to the phosphorylation state of Tomo1; and (3) Tomo1 is required for dynamic changes in the TRP size. The development of Tomo1 complexes involving Rab3/ Synapsin, whose assembly is regulated by Cdk5, may account for previously reported Cdk5 catalytic actions on transition of SVs between the TRP and ResP .
Tomosyn proteins have been well characterized as potent inhibitors of evoked transmitter release in neuroendocrine cells (Hatsuzawa et al., 2003; Gladycheva et al., 2007) , rat superior cervical ganglia (Baba et al., 2005) , hippocampal dentate gyrus mossy fibers (Barak et al., 2013; BenSimon et al., 2015) , as well as at C. elegans (McEwen et al., 2006; Gracheva et al., 2007a) and Drosophila (Chen et al., 2011) NMJs. The predominant mechanistic model of Tomo1 action is that it exerts inhibitory effects via its C-terminal R-SNARE domain, which competes with VAMP and Munc18 for interaction with reactive Syntaxin1A (Fujita et al., 1998; Gladycheva et al., 2007) . Interaction of Tomo1 with Syntaxin1A and SNAP25 leads to nonfusogenic SNARE complexes, which are proposed to then limit the availability of reactive Q-SNAREs required for SV priming into the RRP (Hatsuzawa et al., 2003; Pobbati et al., 2004; Yu et al., 2014 ). Yet, Tomo1's N-terminal ␤-propeller domains have also been implicated in the inhibition of neuroendocrine and neuronal exocytotic activity Yamamoto et al., 2009; Burdina et al., 2011; Bielopolski et al., 2014) . Inhibitory actions of Tomosyn outside of the RRP have also been reported for C. elegans and Drosophila NMJs (McEwen et al., 2006; Chen et al., 2011) . Importantly, our data demonstrate that the large N-terminal ␤-propeller domains of Tomo1 comprise the region that is specific for regulating the distribution of SVs between the ResP and TRP. In addition, we find that Tomo1 is a binding partner of Rab3A-GTP, a discovery that is complementary to that of the yeast Tomo1 ortholog, Sro7p, which interacts with the secretory Rab Sec4-GTP to coordinate tethering and priming of vesicles at fusion sites (Lehman et al., 1999; Hattendorf et al., 2007; . Indeed, Sro7p OE in yeast results in a pronounced growth defect and the formation of a large cluster of "ResP-like" nonreleasable post-Golgi vesicles within the cell, in a manner dependent upon Sec4-GTP . In mammals, overexpression of a GTP-locked point mutant of Rab3A (Q81L) also impairs the size of the recycling pool (Star et al., 2005) . As shown here, expression of Tomo1 leads to an increase in the ResP in cultures of mammalian hippocampal neurons. Notably, high-resolution structural/functional analysis has identified surface sites on Sro7 within its N-terminal ␤-propeller region that mediate interaction specificity among Rabs and are critically important to Sro7 function on polarized vesicle targeting and exocytosis . Based on close structural homology of Tomo1 and Sro7p , Rab3A-GTP interactions were predicted, but not reported, within the N-terminal region in Tomo1 . Moreover, structural analysis of the C. elegans NMJ shows that a loss-of-function mutation in Tomosyn leads to an increase in the number of SVs contacting the plasma membrane (Gracheva et al., 2006) . Together, these results suggest that Rab3A-GTP interacting with Tomo1 may form a central component of a SV clamping mechanism.
Measurements of the TRP size from dissociated hippocampal neurons or in hippocampal brain slices account for an average of 50% of the total SV population (Li et al., 2005; Micheva and Smith, 2005; Fernandez-Alfonso and Ryan, 2008; Ratnayaka et al., 2012) , although smaller percentages (Harata et al., 2001; and up to the entire population of SVs have been reported to cycle (Rose et al., 2013) . One of the most prominently observed ResP functions has been as a locus for presynaptic scaling of neurotransmission. For example, changes in presynaptic strength that counter strong or chronic changes in synaptic activity have been associated with a dynamic reduction or expansion of ResP size (Kim and Ryan, 2010; Rose et al., 2013; Verstegen et al., 2014) . Cdk5 was one of the first presynaptic protein effectors identified for activity-dependent synaptic scaling in hippocampal cultures that can regulate the fraction of ResP SVs. In cultured hippocampal neurons or excitatory hippocampal CA3 recurrent synapses in brain slice, a compensatory upregulation of neurotransmitter release occurs in response to chronic TTX-induced silencing that depends on Cdk5 (Kim and Ryan, 2010; Mitra et al., 2012) . Interestingly, Kim and Ryan (2010) reported that this chronic silencing resulted in a 50% reduction of Cdk5 protein levels, whereas other presynaptic proteins were reported largely unaffected. However, notably, a 15% reduction of Tomosyn protein was observed. Here we establish that Tomo1 proteins are subject to activity-dependent Cdk5 phosphorylation and, importantly, that compensatory enhancements in release following chronic dampening of network activity (CNQX) require Tomo1 proteins. Interestingly, Synapsin proteins were also recently reported to be substrates for Cdk5 phosphorylation and that this promoted enhanced sequestration of vesicles to perisynaptic sites in a nonreleasable state (Verstegen et al., 2014) . Our data establish that Tomo1 interacts with GTPbound Rab3A and then into complex with Synapsin proteins. This SV-associated complex is likely to be important for restricting the release capability of SVs within the AZ cluster, as each of these proteins is capable of independently limiting SV release (Geppert et al., 1994; Greengard et al., 1994; Holz et al., 1994; Schlüter et al., 2004; Baba et al., 2005; Gracheva et al., 2007b; Cesca et al., 2010) . Previously, both Cdk5 and Synapsin 1 have been shown to regulate the kinetics of TRP release (Kim and Ryan, 2010; Verstegen et al., 2014) . We find that Tomo1 is capable of restricting TRP size, but it does not appear to affect the kinetics of TRP depletion, suggesting that Cdk5 exerts regulatory effects both dependent on and independent of Tomosyn function. Thus, it is likely that ResP SVs could be defined via multiple mechanisms and molecular pathways.
The role of Tomosyn as a presynaptic mediator of activitydependent trans-synaptic modulation of neurotransmitter release is further supported by findings in C. elegans, where synaptic scaling mediated by a trans-synaptic signaling mechanism involving the cell-adhesion molecules Neurexin and Neuriligin led to a shunting neurotransmitter release (Simon et al., 2008; Hu et al., 2012) . The inhibition of release depended on the actions of Tomosyn and correlated to increases in the protein levels of both Tomosyn and Rab3, with actions specifically inhibiting release of less calcium-sensitive (i.e., EGTA-sensitive) SVs (Simon et al., 2008; Hu et al., 2012) . Moreover, increases in neurotransmitter release associated with synaptic scaling at the Drosophila NMJ require the function of Rab3-GAP, presumably because it releases Rab3 from a synaptic repressor by promoting GTP to GDP cycling . It remains to be tested whether Tomosyn functions as a repressor of nucleotide cycling when interacting with GTP bound Rab3A. Thus, several reports have coalesced to implicate Cdk5, Rab3 and Tomosyn as conserved regulators of presynaptic scaling in distinct model systems, further strengthening observations that TRP:ResP SV partitioning is a primary mechanism for altering presynaptic efficacy in response to neural circuit activity.
